Drosophila homeotic genes and their vertebrate cognates, the Hox genes, encode homeodomain proteins that are thought to control segment-specific morphogenesis by regulating subordinate target genes. Although expression of many genes is thought to be influenced by homeotic/Hox function, little is known about the genes they directly regulate in the developing embryo. One of the Drosophila homeotic genes is Ultrabithorax (Ubx) that specifies the identity of specific thoracic and abdominal metameres. Towards identifying genes directly regulated by Ubx we have mapped the binding sites of Ubx proteins (UBX) in polytene chromosomes. We found that the UBX isoforms Ia and IVa accumulate in about 100 discrete chromosomal sites. Most, if not all, the sites are the same for the two UBX isoforms. These sites are all euchromatic, include both bands and interbands and are reproducible from chromosome to chromosome. Some of these sites correspond to the locations of known genes that are good candidates, or are known to be, under direct Ubx control.
Introduction
A common theme in animal development is the expression of homeotic (Hom)lHox genes along the rostrocaudal axis of the embryo. These genes specify positional identity by controlling morphogenesis along the major body axis in nematode (Costa et aI., 1988) , insect (Lewis, 1978; Sanchez-Herrero et aI., 1985; Kaufman et aI., 1990; Stuart et aI., 1991) , mammalian (Krumlauf, 1994) and possibly all other animal embryos. HomIHox genes are related by their sequences, organization in the genome and embryonic expression patterns, (McGinnis et aI., 1992; Manak: et aI., 1994) . They share a 180 bp homeobox sequence (McGinnis et aI., 1984; Scott et aI., 1984) encoding a protein motif known as the homeodomain that mediates binding to DNA (reviewed in Gehring et aI., 1994) .
These findings support the hypothesis that HomIHox gene products regulate the expression of subordinate target genes that mediate specific segment-identity functions. These genes were named realizator genes by Garcia-Bellido (1975) . HomIHox genes are expressed in various tissues during and after embryogenesis; therefore, * Corresponding author. it is likely that subordinate genes are many and heterogeneous. Because homeotic mutations have global and profound effects on morphogenesis and patterning of different tissues, expression of a large number of genes will likely vary between wild-type and homeotic mutant embryos. A growing number of genes are known to be expressed in different patterns in wild-type and homeotic mutant Drosophila embryos (reviewed in Andrew et aI., 1992; White et aI., 1992; Botas, 1993; Morata, 1993) . Some examples are: Wingless (wg) (lmmergluck et aI., 1990; Reuter et aI., 1990) , spalt major (salm) (WagnerBernholz et aI., 1991; Kuhnlein et aI., 1994) , forkhead (jkh) (Panzer et aI., 1992) , empty spiracles (ems) (Jones et aI., 1993) , and 1.28 (Mahaffey et aI., 1993) ; see other examples below. Therefore, these genes are candidates for direct regulatory targets of homeotic proteins. However, differences in expression patterns between wild-type and mutant embryos do not necessarily imply direct regulation. It is likely that homeotic gene function will influence the expression of many genes indirectly. Direct targets of homeotic proteins are needed to investigate the poorly understood molecular mechanisms of homeotic regulation. For example, what factors provide specificity to homeotic proteins in vivo? What is the basis of the functional hierarchy observed among HomIHox proteins? (Morata, 1993; Duboule et aI., 1994) . Other more general questions also require identifying direct targets. Do HomIHox genes directly regulate a myriad of genes involved in differentiation, or is there a hierarchy of genes under homeotic control? What is the nature and number of genes that are directly regulated by homeoproteins?
As a first step towards addressing these questions we have determined the in vivo binding sites of UBX on polytene chromosomes. Several other proteins have been immunolocalized to specific sites on polytene chromosomes. Among them, Polycomb (Pc), polyhomeotic (Ph), Posterior Sex Combs (Psc) , and suppressor of zest 2 (Su(z)2) are members of the Polycomb group of genes. These genes are required for proper spatial expression of homeotic genes (JUrgens, 1985) . Immunolocalization of their protein products showed that they accumulate at the sites of homeotic genes and other chromosomal locations corresponding to genes that are good candidates for Pc, ph, Psc and Su(z)2 regulation (Zink et aI., 1989; DeCamillis et aI., 1992; Martin et aI., 1993; Rastelli et aI., 1993) . The maleless (mle) protein is required for increased transcription of X-linked genes in males and accumulates on male, but not female, X chromosomes (Kuroda et aI., 1991) . Experiments with the early ecdysone-responsive E74 protein revealed sites of E74 accumulation that correspond to genes predicted to be regulated by early ecdysone-responsive genes (Urness et aI., 1990) . The engrailed (en) homeodomain protein accumulates at the citological position of polyhomeotic, a putative target of EN regulation (Serrano et aI., 1995) . Therefore, immunolocalization of regulatory proteins to specific polytene chromosome sites is a powerful approach to identify candidate target genes that they directly regulate.
Ubx is one of the homeotic genes best characterized both genetically and molecularly (reviewed in Hogness et aI., 1985; Duncan, 1987; Peifer et aI., 1987; Busturia et aI., 1989; Beachy, 1990) . Many null, partial lack of function, and gain of function mutations have been described by E.B. Lewis; these mutations define the many requirements of Ubx during development. Ubx controls the segmental identity of parasegments (PS) 5 and 6 in the embryo and their adult derivatives including the third pair of legs, the halteres and virtually the whole first abdominal segment. Of the very large body of data published on Ubx, the following is directly relevant to this work. Ubx does not require other homeotic genes to specify the identity of PS 5/6 (Gonzalez-Reyes et aI., 1990). Several UBX isoforms generated by alternative splicing are produced in different tissues; for example, isoform UBX la accumulates in muscles and epidermis, whereas isoform UBX IVa accumulates in the central nervous system (Lopez et aI., 1991) The interactions of UBX with DNA in vitro have been extensively investigated (see for example Ekker et aI., 1994) . Ubx is the homeotic gene for which more regulatory target genes have been identified; among these genes are: decapentaplegic (dpp) (Immergluck, 1990; Panganiban et aI., 1990; Reuter et aI., 1990; Hursh et aI., 1993; Capovilla et aI., 1994; Manak et aI., 1994; Sun et aI., 1995) , connectin (Gould et aI., 1990 (Gould et aI., , 1992 , scabrous (sca) (Graba et aI., 1992) , jJ3 tubulin (Hinz et aI., 1992) , Distal-less (DlI) (Vachon et aI., 1992; O'Hara et aI., 1993) , teashirt (tsh) (Roder et aI., 1992; Mathies et aI., 1994; McCormick et aI., 1995) , pdm-I (Affolter et aI., 1993) , I8-wheeler (Eldon et aI., 1994) , nautilus (nau) (Michelson, 1994) , T48 (Strutt et aI., 1994) , modulo (mod) (Graba et aI., 1994) , Dwnt-4 (Graba et aI., 1995) , nervy, lips and belt (Feinstein et aI., 1995) , unplugged (unp) (Chiang et aI., 1995) , T-A7.I, T-B7.2, T-B9.3, T-B9.4, T-C9.12, T-D14.I, T-C8-4, T-A4-I8, T-C8-5, T-I9-4, T-C7-5, T-EI6-4, T-I9-3 (Mastick et aI., 1995;  A. Javier Lopez, personal communication), centrosomin (cnn) (Heuer et aI., 1995) and apterous (ap) (Lilly, Johnson, Rincon-Limas, Capovilla, Lu, Lawinger and Botus, unpublished) . In this report, we show that UBX la and UBX IVa accumulate in similar, discrete and reproducible sites on polytene chromosomes. Because many genes have been mapped to specific chromosomal sites, these results point out genes that are candidate direct targets of UBX regulation.
Results

Specificity of the polytene chromosome staining
Ubx is not expressed in salivary glands of wild-type larvae (Beachy et aI., 1985; White et aI., 1985 ; and our own observations). Hence, Ubx la, Ubx IVa or a control Ubx FS mutant cDNA constructs (Mann et aI., 1990) were expressed in glands of transgenic animals from the hsp70 promoter.
The UBX isoforms were detected on polytene chromosomes using indirect immunofluorescence or immunohistochemical procedures (see Experimental Procedures). Following heat-shock, staining was observed by either method only in larvae carrying the transgenes; no label was observed in sibling larvae that were recognized by using the Tb larval marker. As an additional control, the staining pattern of UBX FS was studied. UBX FS contains a frame shift mutation within the homeodomain (Mann and Hogness, 1990) . Following heat shock, the mutant UBX FS accumulates in the nuclei of salivary glands, but is never detected on polytene chromosomes after squashing of the glands (Fig. 1) . Therefore, we conclude that the observed staining in salivary gland polytene chromosomes is specific and requires the accumulation of one of the wild-type UBX isoforms.
UBX Ia accumulates at specific polytene chromosome bands and interbands in a reproducible pattern
To minimize possible physiological consequences of Fig. 1 . Specificity of the polytene chromosome immunostaining. Left: Nuclear UBX label in a salivary gland after inducing the mutant isoform FS (UBX is detected in salivary gland nuclei after heat-shock induction of UBX la, UBX IVa or the mutant isoform FS, but is not detected without induction, not shown). Right: UBX label is not detected on polytene chromosomes after the mutant isoform FS is induced (UBX label is detected after wildtype isoforms UBX la or UBX IVa are induced; see Fig. 2 and text).
the heat-shock treatment on UBX binding to chromosomes, a short heat-shock and a long recovery between heat shock and fixation of the glands were chosen as experimental conditions. In most experiments, heat shock induction was for 10 min at 37°C and the recovery time was 18 h at 17°C (equivalent to approximately 9-10 h at 25°C). This long recovery period is possible because of the long half-life of UBX la (J.B., unpublished data). In several other experiments the recovery time was 5-7 h at 25°C.
Two different staining procedures were followed. In the first (-40% of the preparations), UBX la was detected with Mab J.31 followed by a standard immunohistochemical procedure using peroxidase enzyme. Photographs of the chromosomes were taken under phase contrast optics after squashing and before immunostaining. Comparison of pictures of the same chromosome before and after immunostaining allowed accurate mapping of the label (Fig. 2) . In the second procedure (-60% of the cases) UBX la was detected by indirect immunofluorescence using Mab J.31. Mapping of the label was possible by counter-staining the chromosomes with DAPI, a DNAspecific dye. No significant differences were found among these experimental conditions. UBX la localizes to about 100 specific chromosomal sites. No label was detected at the chromocenter nor on chromosome four. UBX la-label is not preferentially associated with puffs, constrictions or other morphological features of the chromosomes and is found decorating both bands and interbands (Fig. 2) . The intensity of the label is variable from site to site but staining at a given site is in general consistent from chromosome to chromosome, both within a single gland and between different glands prepared on different days. Each site has been mapped a minimum of five times in different good preparations (those sites at 'difficult' chromosome regions); and many of the sites have been mapped over 15 times. Table 1 shows the sites at which UBX la accumulates in 40% or more of the chromosomes examined. The table also indicates the probability for which UBX la is found at a given site. There is a good correlation between the probability value and the intensity of the UBX label. Sites showing the strongest label are seen on most good chromosome squashes and the weakest sites are only seen on the most favorable preparations and usually after the shorter recovery times.
The UBX Ia and UBX IVa isojorms bind to very similar if not identical chromosomal sites.
UBX la and UBX IVa differ from one another in their primary structures and expression patterns. UBX IVa lacks two different 17 -amino acid elements encoded by alternatively spliced microexons that are present in UBX la. The homeodomain is located carboxyl-terminal to the variable elements and is separated from them by four constant amino acid residues (O'Connor et al., 1988; Kornfeld et al., 1989) . UBX IVa accumulates exclusively in the central nervous system, whereas UBX la accumulates in epidermis, musculature and peripheral nervous system, but not central nervous system (Lopez and Rogness, 1991) .
UBX IVa was produced in salivary glands following a procedure similar to the one described for UBX la. After 9 h of recovery, almost no UBX IVa was detected, presumably due to a shorter half-life than UBX la. Therefore, salivary glands were fixed from 4 to 6 h after UBX IVa heat-shock induction. Detection of UBX IVa with Mab 1.31 and indirect immunofluorescence revealed a pattern of chromosomal binding sites that is very similar if not identical to UBX la. Each site was mapped at least four times. Possible differences were noticed only in three sites. UBX la was detected at site 43A in ten out of 12 favorable preparations, whereas UBX IVa was detected at this site only in one out of five preparations. On the other hand, UBX IVa was found at 29A in four out of six preparations, but UBX la was found only in one of 16. Similarly, UBX IVa was detected at 45A in six out of 12 cases, but UBX la only in one out of 16. We do not know whether these differences are meaningful or the consequence of variability between different experiments done under slightly different induction conditions. To investigate these alternatives, it would be necessary to carry out a double labeling experiment using isoform-specific antibodies. Unfortunately, the available isoform-specific UBX antibodies show little if any immunoreactivity in tissue after squashing in acetic acid (not shown).
Discussion
We have investigated the in vivo binding pattern of a homeodomain protein. We found that UBX Drosophila homeoproteins accumulate at specific and reproducible sites on polytene chromosomes. These findings are consistent with the DNA-binding activity of RomIHox proteins in vitro, and their role as transcription factors regulating the expression of largely unknown subordinate genes in vivo. We have mapped approximately 100 sites that were found consistently in favorable chromosome squashes prepared under different experimental conditions. This number is an order of magnitude smaller than the number of homeodomain binding sites in the Drosophila genome estimated from in vitro studies (see for example Laughon et al., 1988) . It is unlikely that this disparity is due to lack of sensitivity of the immunostaining procedures; a single binding site labeled by a fluorophore molecule should be easily visible with a degree of polyteny of 1000 (Pirrotta et al., 1988 ). An alternative possibility is that the relatively small number of chromosomal binding sites is a consequence of greater specificity of homeodomain binding in vivo than in vitro. extradentide (exd) (Chan et al., 1994; Rauskolb et al., 1994; van Dijk et al., 1994) , teashirt (Andrew et al., 1994; de Zulueta et al., 1994) , or other protein factors could contribute to this increased binding specificity. Interestingly, the number of UBX sites that we consistently observe on chromosomes is similar to the number of UBX target genes estimated using a transcriptional activation assay in yeast (Mastick et al., 1995) .
We find UBX label in the cytological locations of good candidates for UBX direct regulation; e.g.
dpp, apterous, IB-wheeler, lips, T4B, nervy, Antp, Ubx, T-A7.I, T-B7.2, T-B9.4, T-A4-1B, T-19-4, T-E16-4.
Obviously, conclusions should be tempered by the fact that in many cases mapping is to relatively broad regions. UBX could be binding to these or to nearby genes. Interbands where UBX accumulates could contain as little as a few kb of DNA and heavy bands as much as 200 kb. Therefore, the number of genes located at the bands or interbands where UBX accumulates could vary from one to several depending on the specific site. On the other hand, we do not detect UBX label on the cytological locations of other good candidates for UBX direct regulation; e.g. Dll, tsh, cnn, sea, mod, 
, T-C9.12, T-D14.I, T-CB-4, T-CB-5, T-C7-5, T-I9-3.
This could be due to the lack of accessibility of these sites in polytene chromosomes, the lack in this tissue of a co-factor required for UBX binding at these sites, or the presence in these loci of low affinity UBX-binding sites (see below). Alternatively, Ubx regulation of these genes may not be direct but mediated by other intermediary proteins. For example apterous is a LIMlhomeobox gene regulated by Ubx that is expressed in the same muscle precursor cells as connectin (Bourgouin et al., 1992; Nose et al., 1992) ; thus, Ubx regulation of connectin might be mediated by apterous.
Two different UBX isoforms (UBX la and UBX IVa) bind to essentially the same chromosomal sites. The only detectable differences are three sites that seem to bind preferentially one of the two isoforms, but this has not been verified by double labeling due to the lack of appro- priate isoform-specific antibodies. These findings are consistent with the idea that the homeodomain provides most of the binding specificity to HomIHox proteins. The variable region of the UBX isoforms may be involved in protein-protein interactions with tissue-specific factors.
One possible approach to identify subordinate target genes is differential cDNA screenings using libraries made from tissues expressing and not expressing a given homeotic gene. Another approach is to study the expression patterns of enhancer detectors in wild-type and homeotic mutant backgrounds. However, one disadvantage of these and other similar approaches is that they will likely lead to the identification of a myriad of genes whose expression patterns are indirectly modulated by homeotic function. Approaches that should, in principle, identify direct targets include immunopurification of chromatin in vivo (Gould et aI., 1990; Graba et aI., 1992; Heuer et aI., 1995) , and the 'one hybrid' yeast transcriptional activation assay. This assay was used to identify 13 regulatory targets of Ubx (T-A7. Table 1 UBX binding sites in salivary gland chromosomes -4, T-19-3) that have been mapped and partially characterized (Mastick et aI., 1995; A. Javier Lopez, personal communication) . Of these 13 targets, six map to chromosomal regions where UBX accumulates (see Table 1 ). The approach described in this report should also limit the identification of candidate subordinate genes to those directly regulated by UBX. This approach also has some potential disadvantages; these are discussed below. Because Ubx is not expressed in wild-type salivary glands, hsp70-Ubx transgenes were used to produce UBX isoforms in this tissue after a short pulse of induction. Thus, a possible concern is that unknown factors required for UBX function may not be present outside the normal Ubx domain of expression. However, ectopic expression experiments have shown that UBX is able to produce homeotic transformations in every segment anterior to its wild-type realm of expression (Gonzalez-Reyes and Gonzalez-Reyes et aI., 1990; Mann and Hogness, 1990) . Therefore, whatever factors UBX may require to exert its functions, they are not restricted to the The number in parentheses next to each chromosomal division represents the frequency with which UBX label was found at that particular site. Frequencies are similar for UBX Ia and UBX IVa except where noted. Higher numbers correlate with stronger label. aUBX IA detected at this site only in one out of 16 cases. bUBX IV a detected at this site only in one out of 5 cases. cUBX IA detected at this site only in one out of 16 cases. dTwo bands can be detected in these intervals. eSites of genes known to be under Ubx control; i.e .
1, T-B7.2, T-B9.3, T-B9.4, T-C9.12, T-D14.1, T-C8-4, T-A4-18, T-C8-5, T-19-
4, T-C7-5, T-E16
• dpp in 22F. A4·18 in 26A. ap in 42A. T-B9.4 in 55C, I8-wheeler in 56F, T-19-4 in 60A, T·B7-2 in 79C, lips in 82F, Antp in 84B, T-A7.1 in 89B, Ubx in 89E, T-16-4 in 93F, T48 in 970, nervy in 99F (see references in text).
normal Ubx realm of action. UBX transforms the labial ectoderm (of which the salivary glands are a part) following heat-shock induction (Gonzalez-Reyes and Gonzalez-Reyes, et aI., 1990; Mann and Hogness, 1990) . This result implies that UBX can recognize and regulate target genes in this tissue after similar induction conditions used in this work to determine its binding sites.
It is, of course, possible that not all the UBX target genes are represented by chromosomal UBX binding sites described here. For example, UBX may require specific factors not present in salivary glands to bind to certain tissue-specific target genes. However, UBX does accumulate at the chromosomal location of dpp, a gene directly regulated by Ubx in the visceral mesoderm through a small well-defined tissue-specific enhancer (Capovilla et aI., 1994; Manak et aI., 1994; Sun et aI., 1995) . Other tissue-specific target genes may only require additional factors for regulation but not for UBX binding; such target genes should be detected by our assay. It is also possible that some sites may not be available for UBX binding in salivary glands, or that UBX accumulates in sites that do not correspond to its targets of regulation. This latter possibility seems unlikely because UBX clearly shows more specificity binding to polytene chromosomes than binding in vitro. It also should be emphasized that we have mapped the sites at which UBX was found in 40% or more of the good chromosome squashes. Other weaker and less reproducible sites are detected specially after the shorter recovery times. These weaker sites may be lower affinity UBX-binding sites, and yet they may correspond to biologically significant target genes.
Understanding how homeotic genes control segmental identity requires identifying the subordinate genes that they directly regulate; yet, very little is known about the nature of these genes. Their identification will be greatly facilitated if independent approaches are used in conjunction. For example, a given gene would be a strong candidate for a direct target of UBX if it maps to one of its chromosomal binding sites and its expression pattern is modulated by Ubx function. Many of the chromosomal binding sites of UBX correspond to the sites of known cloned genes or the sites of insertion of available enhancer detectors. Their expression patterns in wild-type and Ubx-mutant backgrounds can be easily investigated by in situ hybridization and enzymatic or immunological detection of f3-gal, respectively. Because these are simple techniques and the number of cloned genes and enhancer detectors with known chromosomal locations is ever increasing, these combined approaches will likely lead to identify directly-regulated UBX-target genes.
It will be interesting to compare the chromosomal binding sites of other HOMIHox proteins to the UBX sites described here. Binding to polytene chromosomes should be a good assay to compare the in vivo binding specificities of HOMIHox proteins with similar or identical binding specificities in vitro.
Experimental procedures
Expression of Ubx in salivary glands
UBX la, UBX IVa and the mutant derivative UBX FS isoforms were produced in salivary glands of transgenic flies using cDNA constructs driven by the heat-inducible hsp70 promoter. UBX FS contains a frame-shift mutation within the homeodomain, the consequence of a single base-pair deletion at position 132 of the homeobox (Mann and Hogness, 1990) . The cross Canton-S X w1JJ8; P[w+, hsp70-UbxJ / TM6B, Tb was transferred to a new vial every 24 h and its progeny reared at 18°C under uncrowded conditions. Twenty-four to 48 h before puparium formation, the vials (I-inch diameter) were transferred to a 37°C water bath for a lO-min heat shock. Larvae carrying the hsp70-Ubx transgenes are easily distinguished because they are not Tb.
1mmunolocalization of UBX on polytene chromosomes
Following a recovery time of 4-9 h after heat shock, salivary glands of third instar larvae that had not started to pupariate were dissected in PBS (pH 7.5), 0.1 % NP-40. Glands were then incubated for 1-1.5 min in fixative no. 1 (3.7% formaldehyde, 1% NP-40 in PBS; pH 7.5) and immediately after in fixative no. 2 (50% acetic acid, 3.7% formaldehyde) for 4-10 min. Glands were squashed on slides coated with 0.1 % POlY-L-lysine and examined under the microscope using phase contrast optics to select satisfactory preparations. Good chromosome squashes to be stained immunohistochemically were photographed using Kodak Technical Pan film. These preparations were frozen in liquid nitrogen and the coverslip removed with a razor blade. The slides were equilibrated in PBS (pH 7.5). Before incubation with UBX antibody, the chromosomes were blocked for 30 min in 1 % BSA, 0.1 % NP-40 in PBS (pH 7.5). The primary antibody used in most preparations was the UBX monoclonal antibody 13.1 (Lopez and Hogness, 1991) , diluted 1 :200 in blocking solution. Incubation with the primary antibody was followed by three washes of 10 min each in blocking solution. In a first set of experiments (-40 good squashes) UBX la was detected using the peroxidase Vectastain ABC system (catalogue no. PK-6102) and 3,3'-diaminobenzidine as a substrate (catalogue no. SK-4100) from Vector laboratories following the protocols suggested by the manufacturer. The concentration of the secondary antibody was 1 :2000. The peroxidase reaction was monitored under the microscope and stopped by washing with PBS. The chromosomes were stained for 10-20 s in Giemsa solution (Fisher no. SG-28; 1:100 in 10 mM KH 2 P0 4 buffer, pH 7), air-dried and mounted in a non-aqueous medium. Accurate mapping of the UBX-Iabel was greatly facilitated by comparison with the photograph of the chromosome before im-munostaining. In a second set of experiments (-60 good UBX Ia squashes and -50 good UBX IVa squashes), a secondary antibody conjugated to the Texas Red fluorophore (from Vector labs no. TI-2000) was used at 1:1000 dilution. After washing three times for 10 min in blocking solution, the chromosomes were stained with the DNA dye DAPI (0.1 ,ug/ml in PBS) for 2 min. Excess DAPI was removed by a brief wash in PBS and the preparations mounted in 190 mM propyl gallate (Sigma no. P3130), 80% glycerol in 2 X PBS (pH 7.5). The preparations stained immunohistochemically were studied under standard or phase contrast optics and photographed with Ektachrome 64T film. The preparations labeled with Texas Red were examined under epifluorescence illumination using DAPI and Texas Red filters and photographed with Ektachrome P80011600 film. Approximately 50% of the UBX-Iabeled sites were mapped independently by both authors.
